Fowl-dropping apatite (Ca 10-z [PO 4 ] 6-z [OH] 2-z ) synthesized from carbonized, incinerated fowl droppings contains PO 4 and OH groups that are partially substituted by CO 3 2− ions. It shows stronger ion conductivity than commercially available hydroxyapatite in a wide range of temperatures from 23
INTRODUCTION
With the aim of improving green cover as well as sustainable circulation of air, water, and other natural resources, we have been studying the development of purification materials that are readily available worldwide and can be regenerated during a human life cycle (Minamisawa et al., 2004 (Minamisawa et al., , 2005 (Minamisawa et al., , 2012 . The concept of zero emissions, which aims to recycle mineral resources as well as fresh biomass, is becoming important in industrial activities. Ultimately, it is essential to find ways to cleanly dispose of biomass in order to address global pollution problems. To this end, the method our research team has proposed, i.e., the synthesis of apatite from fowl droppings, lowers the environmental load and can be performed without expensive raw materials.
The use of apatites has been proposed in calcium/phosphate ion storage, adsorptive (Hashimoto, and Sato, 2007; Al-Kattan et al., 2010; Pascaud et al., 2013 Pascaud et al., , 2014 , catalytic (Jamwal et al., 2008; Mohammad et al., 2015.) , and fluorescent substances (Nakashima et al., 2005) , ionic conductors (Cazalbou et al., 2004; Rey et al., 2007; Nishimura et al., 2008) , artificial bones and teeth, and building materials that are highly functional and biodegradable (Wu et al., 2003; Tas and Bhaduri, 2004; Drouet et al., 2008; Vandecandelaere et al., 2012; Grunenwald et al., 2014a,b) . In the appli-C 2017 Poultry Science Association Inc. Received February 20, 2016 . Accepted May 9, 2017 Corresponding author: minamisawa.mayumi@p.chibakoudai.jp cations mentioned above, hydroxyapatite (HAp) has been noted for use as an adsorbent for environmental pollutants like volatile organic compounds (VOCs), pollen, and bacteria owing to its photocatalytic and adsorptive functions (Fujii et al., 2006; Nakamura et al., 2007) . These properties relate to various surface properties that can be created by introducing additives to Hap, e.g., surface functional groups, surface charges, hydrophilicity, and porosity (Fujii et al., 2006; Nakahara and Shibata, 2006; Nakamura et al., 2004; Iwasaki et al., 2008; Nagai et al., 2008) . One advantage of using fowl feces is that they are widely available around the world and contain abundant amounts of calcium and phosphates. Since the feed composition and breeding environment that fowl are raised in are both strictly controlled, the composition of fowl feces does not fluctuate significantly; therefore, it can be considered to be a pure material. Furthermore, treating livestock waste is a major burden on producers. People living in areas with many poultry farms complain about the odor of fowl droppings and urine. Disposal of feces and urine is expensive for poultry farmers. Thus, the high functionality added by the synthesis of calcium phosphate compounds from fowl droppings is very valuable to poultry farmers. Our aim is to use waste materials for the synthesis of calcium phosphate ceramic HAp via biomimetic methods, gather information to improve its function (Deville et al., 2006.) , and mimic the natural functionalization of waste biomass using a soft solution process to synthesize calcium phosphate derivatives. The synthesis of HAp from cheap raw materials, e.g., renewable natural resources, can be performed using a biomimetic process. A technique that is able to convert feces, which is produced in large quantities, into other functional materials would be valuable not only to Japanese farmers but also to poultry farmers worldwide. Our group succeeded in selectively producing several fowl-dropping apatites: fowl-dropping apatite A with low crystallinity [PO 4 ] 2 ). The apatites were produced from incinerated or carbonized fowl droppings using one-pot hydrothermal reactions (Minamisawa et al., 2012) . We realized that the residue, mineral traces, and organic compounds in fowl droppings could be used as control reagents in the synthesis reaction. Apatites produced from fowl droppings are a cheap, biodegradable, and nontoxic natural resource generated from a bulk commodity and can be extracted from biomass. In a previous paper, we investigated the adsorption of ammonium gas onto apatites synthesized from fowl droppings (Minamisawa et al., 2012) . High adsorptive capabilities were observed for all the fowl-dropping apatites that we synthesized. These fowl-dropping apatites had an ammonia-gas adsorption-loading capacity comparable to that of activated carbon. Initially, we thought that since adsorption is a surface phenomenon, the surface areas of these apatites was the key factor. However, the gas adsorptive capabilities were found to be independent of the pore characteristics. In this study, significantly higher ammonia-gas adsorptive capabilities were observed on fowl-dropping apatite A. Furthermore, the liberation of the adsorbed ammonia into the atmosphere was not detected for one week. From these results, we expect the appearance of a slow, excitationinduced atomic transfer on the surface atoms of fowldropping apatite A because fowl-dropping apatite particles with a low crystallinity have a large specific surface area and an analogous nacreous layer structure exposing PO 4 3− groups on the developed c face. Hence, in this study, we report the development of a purification technology based on an oxidation-decomposition reaction of air pollutants such as NOx and SOx using the electron capture induced by ultraviolet-visible (UV-Vis) irradiation of apatites synthesized from fowl droppings.
MATERIALS AND METHODS

Materials and Synthesis Methods for Fowl-Dropping Apatites A and B
The syntheses of fowl-dropping apatite A with low crystallinity [PO 4 ] 2 ) were performed according to a procedure described in the literature but with a slight modification (Nakahara and Shibata, 2006; Shiota et al., 2008; Minamisawa et al., 2012) . The carbonized fowl droppings used for the preparation of fowl-dropping apatites were provided by the Daiichi Poultry Farm Co., Ltd., Iwate, Japan. The chemical composition (%) of carbonized fowl droppings was Ca: 66.5, K: 4.25, Mg: 4.21, S: 2.76, Fe: 1.22, Mn: 0.34, Cu: 0.04, P: 16.9, Cl: 3.34, Zn: 0.31, and Sr: 0.08 . The N/P and C/N ratios were 0.93 and 6.00, respectively. Incinerated fowl droppings were prepared from carbonized fowl droppings by sintering in air at 800
• C for 3 h. The chemical composition (%) of the incinerated fowl droppings was Ca: 65.4, K: 4.75, Mg: 4.19, S: 2.68, Fe: 1.99, Mn: 0.35, Cu: 0.05, P: 17.2, Cl: 2.95, Zn: 0.33, Sr: 0.08, respectively. Elemental analysis and phase identification of the samples were performed via energy-dispersive X-ray spectroscopy (EDX, Hitachi SwiftED-TM) and X-ray diffraction(XRD, Rigaku RAD-B, model RAD-IIA and SHIMADZU XRD-6100 with CuKα radiation), respectively. Fowl-dropping apatites A and B were prepared by suspending incinerated fowl droppings (Ca: 1.635 mol/100 g, P: 0.553 mol/100 g), Ca(OH) 2 (0.2 mol; Wako), and NH 4 H 2 PO 4 (0.546 mol; Wako) in 500 mL of distilled water and refluxing the suspension. The precipitate was filtered and washed multiple times with distilled water until the pH of the solution became neutral. Finally, the precipitate was washed with 80% ethanol, filtered, freeze-dried (fowl-dropping apatite A) or dried in air for 90 min on a hot plate at 200
• C (fowl-dropping apatite B). The product yields were 82% to 89.9%. Powders of fowl-dropping apatite A and B were characterized using XRD, XRF-EDX, Fourier-transform infrared spectroscopy (FT-IR, Jasco FT-IR-420 Fourier-transform infrared spectrophotometer, Tokyo, Japan), X-ray photoelectron spectrum (XPS, Omicron EA-125), and scanning electron microscopy (SEM, Hitachi Miniscope TM-1000 and S-4800). The HAp (66%)/β-tricalcium phosphate (34%) ratio in fowl-dropping apatite B was estimated from the ratio of the highest peak of HAp (211) and the peak of β-tricalcium phosphate (0210) (Ali et al., 2008) . Unit-cell parameters were compared with the single-crystal XRD data on a standard (JCPDS 55-898) (Kudo and Misono, 2002) . Fowl-dropping apatite A ((Ca +0020Mg [2%-4%])/P molar ratio = 1.6-1.7) produced by sintering carbonized fowl droppings had the following unit-cell parameters: a = b = 9.42Å, c = 6.90Å, I(300)/I(002) = 1.2, P6 3 /M, a = b = 90
• , and γ = 120
• in the hexagonal setting. The unit-cell parameters for fowl-dropping apatite B were: a = b = 9.43Å, c = 6.90Å, I(300)/I(002) = 1.1, P6 3 /M, a = b = 90
• for HAp in the hexagonal setting and a = b = 10.29Å, c = 39.44Å, a = b = 90
• for β-tricalcium phosphate in the hexagonal setting.
Preparation and Complex Impedance Analysis of Apatite Ceramic Disks
To produce fowl-dropping apatites, we used nonsintered fowl-dropping apatite A, which was freeze- dried after the apatite was synthesized. Fowl-dropping apatite A is known to convert into fowl-dropping apatite B after sintering at temperatures up to 800
• C followed by freeze drying. In addition, the composition of commercially available HAp changes during sintering at temperatures at or above 800
• C. Thus, sintering of the discs was performed at temperatures only up to 800
• C. Fowl-dropping apatite A and commercial HAp compacts (Φ = 18 mm) prepared via uniaxial pressing under a pressure of 63.9 MPa for 2 min were subjected to the CIP (cold isostatic pressing) process under a pressure of 245 MPa for 1 min and then sintered at 800
• C for 2 h to produce ceramic disks. Attachment of the electrode to the disk was performed at 800
• C for 2 h in a muffle furnace after using screen printing to coat both sides of the sample with platinum paste (Tanaka precious metal TR-7070). The ionic conductivity of the ceramic disks was estimated by performing complex impedance analysis using an impedance analyzer (Nishiyama Co., Ltd.). The measurements were performed in the frequency range of 0.1 Hz to 1 MHz by applying an AC voltage of 0.1 V for each 100
• C increase in temperature from room temperature to 800
• C in air. Figure 1 shows the typical complex impedance plots (22.5 to 800
• C) of both a commercial HAp disk and a fowl-dropping apatite A disk. The real component
] of the complex conductivity was calculated using the following equations given by Y. Tanaka (Tanaka et al., 2012.) : 
Adsorption and Decomposition of NO 2 and SO 2 Gases
We used fowl-dropping apatite A, which had the highest adsorptive capacity for ammonia as an adsorbent of NO 2 and SO 2 gases, to examine gas adsorption and decomposition on the apatite. In addition, for comparison, a mixture comprising 66% HAp and 34% β-tricalcium phosphate fowl-dropping B, commercially available Hap, and β-tricalcium phosphate was also selected. The measurements were performed at least five times (n ≥ 5). In all tests, the quantitative value described the average value of the data (n ≥ 3) within 10%.
The adsorption experiments were performed using a batch method. Five grams of each adsorbent (fowldropping apatite A, fowl-dropping apatite B, commercial HAp, and commercial β-tricalcium phosphate) were added to 5 L of 100 vol. ppm NO 2 /air gas (in a sealed Tetra Pack) and 42 vol. ppm SO 2 /N 2 gas. The reactant in the Tetra Pack was permitted to stay for 24 h at room temperature. The amounts of NO 2 and SO 2 adsorbed were determined by measuring the concentrations of the NO 2 and SO 2 gases remaining in the Tetra Pack using a gas detector tube system (Gastec Corporation, Kanagawa, Japan). Adsorption and decomposition behavior is expected to progress slowly; therefore, to observe and examine the changes over the course of several days under natural light, we attached a Tetra Pak container containing gas to the window of the author's university laboratory. It was attached to the laboratory window, which receives sunlight from early morning to noon for 30 days; the apatite was sealed inside the Tetra Pack. Liberation of adsorbed NO 2 and SO 2 into the atmosphere was not detected for a month. Thirty days later, a 30-mg portion of gasadsorbed apatites was washed with 100 mL of diluted aqueous NaOH. The prepared sample solutions containing polyatomic inorganic species were analyzed using ion chromatography (DIONEX DX-600) systems. NO 3 − ions were eluted from the NO 2 -absorbed apatites, and SO 4 2− ions were detected in samples eluted from the SO 2 -absorbed samples. Quantification was performed using an absolute calibration curve method with standard solutions of NO 3 − and SO 4 2− . 
RESULTS AND DISCUSSION
Ionic Conductive Characteristic of Fowl-Dropping Apatite
As shown in Figure 1 , in commercial HAp, σ increases with frequency at each measured temperature, except 800
• C. In contrast, with fowl-dropping apatite A, we were able to confirm that it exhibited a relatively constant behavior in all temperature ranges. In particular, in the high-temperature region (600 to 800
• C), fowldropping apatite A had an almost constant σ value over the entire frequency range. The results shown in Figure 1 indicate that commercial HAp and fowldropping apatite A responded to the electrical perturbations applied by the conducting ions. However, the behavior of the carriers in commercial HAp suggests that there was repeated polarization and relaxation in the vicinity of the stable site. This possibly means that long-distance hopping conduction was not occurring. The carriers in commercial HAp showed a slightly stable hopping behavior at 800
• C. The conductivity value, 3.56 × 10 −8 S cm −1 , was consistent with the values reported in the literature (Tanaka et al., 2010a (Tanaka et al., , 2012 . The conductivity (σ ) in fowl-dropping apatite A at 800
• C was determined to be 5.33 × 10 −6 S cm −1 . We examined these results using FT-IR spectroscopy. Figure 2 shows the FT-IR spectra of fowl-dropping apatite A and commercial HAp. Absorption peaks derived from the deformation vibration and stretching vibration characteristics of phosphate ions (PO 4 3− ) in the HA skeleton were observed around 570 to 600 cm −1 and 960 to 1,100 cm −1 . At around 1,420 cm −1 , the characteristic absorption peaks of hydroxyl(P-OH) and phosphorus were confirmed in both commercial Hap and fowl-dropping apatite A. In contrast, in fowl-dropping apatite A, a broad peak due to the presence of carbonate ions (CO 3 2− ) substituted in the crystal lattice was observed at around 1,550 to 1,700 cm −1 and a (−O-H···) peak derived from stretching vibrations of hydroxide ions was observed at around 3,000 to 3,600 cm −1 . If we focus on the free -OH peak around 3,570 cm −1 , in contrast to commercial HAp, the absorption intensity of fowl-dropping apatite A decreased significantly. The FT-IR spectra of fowl-dropping apatite A confirmed the presence of CO 3 2− ions in the fowl-dropping apatite A lattice at 1,550 to 1,700 cm −1 (existence of minerals such as Mg and CO 3 2− ) Iwasaki et al., 2010b, Tanaka and Kikuchi et al., 2010c) . Thus, we conclude that some of the Ca, PO 4 , and OH sites in fowl-dropping HAp are substituted with Mg and CO 3 2− ions. From these results, we suggest that the high conductivity of the low-crystalline fowl-dropping apatite was influenced by its special qualities related to the origin of fowl droppings.
Adsorption of NO 2 and SO 2 onto Fowl-Dropping Apatites
Air pollution is a global, age-old problem that is increasing because of rapid industrialization and the growth of economic activity. Sulfur oxides (SOx) and nitrogen oxides (NOx) can be classified as typical atmospheric pollutants. SOx and NOx are responsible for acid rain and respiratory diseases, and NOx is one of the leading causes of photochemical smog. These oxides can also be a cause of airborne particulate matter (PM), namely PM 10-2.5 and PM 0.1. SOx mostly comprises SO 2 but also includes SO 3 . When it burns, nitrogen oxides NO and NO 2 are formed. We investigated the ability of fowl-dropping apatites A and B to remove NO 2 and SO 2 gases via adsorption. The timedependent behavior of the adsorption of NO 2 and SO 2 gases onto fowl-dropping apatites, commercial Hap, and β-tricalcium phosphate is shown in Figure 3 . Figure 3 shows the NO 2 and SO 2 removal capacities when adsorbents were used. After 3 h, the adsorption ratios for NO 2 and SO 2 were over 85% and 99%, respectively, using both apatites A and B. During adsorption of NO 2 , equilibrium was established in approximately 24 h. A similar adsorption behavior of these gases was observed using other commercial apatites. The adsorption capacities for NO 2 and SO 2 with several apatites are shown in Table 1 . The adsorption ratios of NO 2 and SO 2 for all the apatites were in the range of 95% to 99%. These findings suggest that fowl-dropping apatites can be utilized as adsorbents for the removal of NO 2 and SO 2 . 
Decomposition of NO 2 and SO 2 on Fowl-Dropping Apatites
The fowl-dropping apatites developed herein rapidly adsorbed NO 2 and SO 2 gases. As the next step that must be investigated before we can use these materials as environmental purification materials, we examined their potential for gas decomposition following gas adsorption. The conductivity measurement results (Figure 1) showed that fowl-dropping apatite A exhibited ion conductivity over a wide temperature range, i.e., from room temperature to 800
• C. However, at energy contributions between 23
• C and ∼100 • C, ion conductivity was quite low. The behavior of the carrier ions at low temperatures suggested that there was repeated polarization and relaxation in the vicinity of the stable site. Low-temperature calcinated HAp acquired surface conductivity after optical illumination, and grid defects were produced on the solid surface; this caused the electron capture reported by Nishikawa (Nishikawa 2001; Nishikawa and Omamiuda 2002; Nishikawa 2003 Nishikawa , 2014 and Monma (Monma et al., 1981) . It is presumed that this electron capture is determined by the electrovalence of atmospheric oxygen and leads to the formation of reactive oxygen (O 2 ·− ). We expected an oxidative degradation reaction of the NO 2 and SO 2 that had adsorbed onto the fowl-dropping apatites to occur because of the presence of oxygen radicals. Under atmospheric pressure and normal temperatures, these excitation-induced atom transfers occur slowly and decompose the adsorbed atmospheric pollutant. In all reaction systems in which NO 2 and SO 2 gas adsorption experiments were conducted using a Tetra Pak, it was confirmed that adsorption reached equilibrium in 24 h. The samples were left for 30 days in a condition close to what would occur in daily life. Contact between the outside air and the Tetra Pak was prevented to examine the possibility of re-release and decomposition of the adsorbed gas. NO 3 − ions were eluted from NO 2 -absorbed apatites, whereas SO 4 2− ions were eluted from SO 2 -absorbed samples (Table 1) . For fowl-dropping apatites, the eluted ion concentration mostly corresponded to the amount of absorbed gas. The amount of eluted ions after 24 h, the time at which adsorption equilibrium was attained, were measured for fowl-dropping apatite A. The amount of ion effusion after 24 h was very low.
Physical Forms and Surface Changes caused by Gas Adsorption in Fowl-Dropping Apatites
To examine the characteristics of gas adsorption onto each type of apatite and decomposition of the adsorbed gases, characterization of fowl-dropping apatites A and B was performed using XRD and SEM. The powder XRD diffraction patterns of fowl-droppings A (Figure 4 (A) ) and B (Figure 4 (B [PO 4 ] 2 )), respectively. We expected the appearance of a slow, excitation-induced atom transfer on the surface atoms of the synthesized fowl-dropping apatite A because the fowl-dropping apatite particles with low crystallinity have a large specific surface area and an analogous nacreous layer structure exposing PO 4 3− groups on the developed c face. Based on the XRD measurements shown in Figure 4 , the ratios of the Table 1 . Concentration of adsorbed NO 2 and SO 2 gas and the concentration of ions eluted from the gas-adsorbed adsorbents. structure-exposing PO 4 groups on the developed c face for fowl-dropping apatites A and B and commercial HAp were a/c = 1.2, a/c = 1.1, and a/c = 2.5, respectively. These results are consistent with the concentration of NO 3 − and SO 4 2− ions generated via a decomposition reaction following NO 2 and SO 2 adsorption. Furthermore, according to the SEM observation results shown in Figure 5 , the particle shape of both fowl-dropping apatites A and B is a fine hexagonal plate, and commercial Hap clearly shows a columnar crystal shape. Furthermore, for the low-crystalline fowl-dropping apatites A and B, the gas adsorption and oxidation-decomposition capabilities for NO 2 and SO 2 depended on the surface ratio (a face/c face, Figure 4 ) of the apatite particles. From these results, we suggest that when fowl-dropping apatites are irradiated, an extremely slow excitation-induced atom transfer occurs; this causes an oxygen defect in the PO 4 and OH groups on the apatite that is used to generate electron capture. To verify these hypotheses, XPS of fowl-dropping apatite A and SO 2 gas-adsorbed apatite A were analyzed ( Figure 6 ) because the lowest-crystallinity fowldropping apatite A demonstrated good results for the adsorption-decomposition of gases. The binding energy values from the XPS measurement spectrum, i.e., the Ca p3/2, P 2p, and O 1 s binding energies, and the peak strength (IT) are shown in Figure 6 . The peak strengths for Ca 2p3/2, O 1 s, and P 2p increased because of the adsorption of SO 2 onto fowl-dropping apatite A, and the binding energies of Ca p3/2 and Ca 2p3/2 shifted slightly to the lower-energy side. These phenomena imply that the surface around Ca on fowldropping apatite A becomes conductive. Alternatively, atomic S is generated after electron capture around P and O, and the oxidative degradation of SO 2 gas progresses; this suggests that the generated SO 4 2− ion caused an electrostatic-like attraction to a positively charged Ca site. Fowl-dropping apatites have attracted attention as potential functional materials for environmental control. In this study, we investigated the adsorption of NO 2 or SO 2 gas onto fowl-dropping apatites. High adsorptive capabilities were observed for all synthesized fowl-dropping apatites. Furthermore, NO 3 − and SO 4 2− ions, which are oxidation-degradation products of adsorbed NO 2 and SO 2 , were detected. Based on these results, we confirmed the appearance of a slow, excitation-induced atom transfer on the surface atoms of the fowl-dropping apatites. 
CONCLUSION
High adsorptive and decomposition capabilities for fowl-dropping apatites were observed for NO 2 and SO 2 . The surface ratio of the fowl-dropping apatites was a key factor because they show higher ionic conductivities than commercial Hap. In this study, we revealed that the ions derived from conductivity are improved by the partial substitution of PO 4 and OH by mineral traces and organic compounds in carbonized fowl droppings. We expected and demonstrated that fowl-dropping apatites exhibit better conduction than commercial HAp at low temperatures. Fowl-dropping apatites in have been shown to respond to applied electrical perturbations via carrier ions. However, the behavior of carrier ions at low temperatures suggests that repeated polarization and relaxation occurred in the vicinity of the stable site. It was considered that long-distance hopping conduction was not achieved. We demonstrated that upon irradiation of fowl-dropping apatites, an extremely slow, excitation-induced atom transfer is generated; this caused an oxygen defect in the PO 4 and OH groups on the apatite that was used to generate the electron capture. Hence, apatites synthesized from fowl droppings, which is a waste-product resource found globally, may provide new alternatives as cheap and highly functional materials for environmental control. Moreover, this would lead to localized economic activity in the development of natural cleansing technologies.
